Leaf senescence in field-grown soybean (Merrill) as defined by the period after full expansion, was studied by measuring abscisic acid (ABA), total soluble protein, and chlorophyll in leaves through the later part of the growing season. ABA concentrations increased significantly at the end of the season when leaves had started to turn yellow, well after total soluble protein and chlorophyll had started to decline. The results indicate that events occurring before leaf yellowing are more significant in evaluating leaf senescence since the yellowing condition and rise in ABA are effects of changes in physiological activity beginning when leaves are still green.
Leaf senescence is an integral part of plant development, generally including a breakdown of protein, a decrease in Chl content, changes in RNA levels, and alterations of membranes and organelles (4) . In soybean, Lindoo and Nooden (1 1) suggested that leaf senescence begins when leaves turn yellow. In other species, the onset of the senescence process had also been characterized by leaf yellowing (1, 3, 9) . Sinclair and deWit (21) hypothesized that leaf senescence in soybean is a result of the movement of materials from the leaves to developing seeds. The importance of sink demand by the developing seed as a contributor to leaf senescence should not be overlooked. This oversight may result, especially if yellowing is used as an indicator of senescence, because leaf yellowing occurs at the final stage of seed development when the accumulation of nutrients in the seeds is probably complete (15) . Thomas and Stoddart (23) presented findings that question the validity of color changes as an indicator of leaf senescence. They reported on a mutant genotype of meadow fescue (Festuca pratensis L.) that does not exhibit the characteristic yellowing of a normal genotype. Protein content, however, is reduced. Soybean desinking treatments of Mondal et al. (14) suggest that Chl loss does not necessarily indicate physiological function. Photosynthesis declined in both yellowing control leaves and green leaves from desinked plants. Here, leaf senescence is defined as the period after full expansion when declines in physiological activity can be observed. By this definition, the decline in photosynthesis that comes with leaf age should be considered a part of the leaf senescence process, especially as these reductions might influence ultimate yield.
Evidence suggests that plant hormones are involved in leaf senescence. Investigations reveal that changes in hormonal concentrations may regulate the speed of the leaf aging process (4 (3, 9) and in nasturtium leaves (6) . Colquhoun and Hillman (8) found little change in ABA levels in leaves of Phaseolus vulgaris L. with senescence. The influence of the physical environment cannot be discounted when studying senescence. Environmental stress conditions would be expected to alter the senescence process (5, 9) .
This investigation was conducted to study the leaf senescence processes in field-grown soybean. This was accomplished by measuring ABA, total soluble protein, and Chl in leaves through the later part of the growing season. In the first year, preliminary studies were conducted to measure free ABA through diurnal and seasonal time courses to obtain a general knowledge of the behavior ofABA in leaves of field-grown soybean under normal growing conditions. Additional analyses were conducted on leaflets sampled at the end of a second growing season to investigate further the initial findings which had indicated that free ABA increased with age. 24 h, fully expanded trifoliolate leaf samples were taken from three nodes of both cultivars. The nodes selected varied somewhat with each period, depending on the stage of leaf development. Three replications were obtained from each node at each sampling time. Sampling was conducted from 1600 to 1600 h on August 18 to 19, 26 to 27, and September 10 to 11 and will subsequently be referred to as periods I, II and III, respectively. The whole trifoliolate leaf from each of the nodes sampled was excised, individual leaflets were detached from their petiolules, and all three leaflets were put together in a plastic sample bag, sealed, and immediately placed on dry ice. Samples were subsequently freeze-dried and stored in desiccators in a freezer until analysis.
MATERIALS AND METHODS
In 1978, the field plan was similar to that in 1977. On September 6, 1978, 60 fully expanded leaflet samples were taken from the cultivar Chippewa 64. Leaflets which were a complete range of color, from green to yellow, were harvested. Per cent transmittance of each intact whole leaflet at 550 and 660 nm was immediately determined using a spectrophotometer with an integrating sphere (Beckman DK-2A). Two leaf discs (I cm2) were taken from each leaflet; one was used for Chl determination and the other was used for total soluble protein content determination. The remainder of the leaflet was used for ABA analysis. Each of these leaflets was sampled and stored in the same manner as the whole trifoliolate samples.
ABA Extraction, Preparation and Analysis. Freeze-dried leaf tissue was crushed, weighed, and then extracted in 40 ml 80% (v/ v) methanol on a shaker in a cold room at 4 C. After 24 h, the extract was decanted and saved. Fresh 80% (v/v) methanol was added to the leaf tissue. This procedure was repeated for a total extraction time of 72 h, giving a total extract of 120 ml. Extracts were evaporated and redissolved in H20 (30 ml) that had been acidified to pH 2.5 with HCI. This was centrifuged at 4470g for 15 min to remove particulate matter. The supernatant was partitioned three times with equal volumes of ethyl acetate, which then was evaporated under vacuum in a flash-evaporator. Glass columns (300 mm; i.d., 1.5 x 160 mm) packed with insoluble PVP were used for further purification. Samples were rehydrated in three 25 ml increments of 0.1 M phosphate buffer (pH 8.0 and each increment was put through a PVP column. The first 75 ml eluted was collected and partitioned once with an equal volume of methylene chloride. The aqueous phase was adjusted to pH 2.5 and partitioned three times with equal volumes of ethyl acetate. The ethyl acetate was evaporated under vacuum. The efficiency of the extraction and preparative procedures was determined by using DL-cis-trans-[2-1' C]ABA (Amersham Corp.). Labeled ABA was added to the 80% (v/v) methanol extract and the procedure was traced through just prior to methylation; recovery was 77%.
Each sample was methylated according to the procedure of Schlenk and Gellerman (19) . The gas chromatograph used for analysis was a Hewlett-Packard model 5730A equipped with an electron capture detector. Samples were injected directly onto a glass column (180 cm; i.d., 2 mm; o.d., 6 mm) packed with 3% OV-17 on 100-120 chromosorb W (Hewett-Packard). Column, detector, and injector port temperatures were 215, 300, and 250 C, respectively. A mixture of 5% methane and 95% argon was used as the carrier gas with a flow rate of 30 ml min-'. Samples were compared with an A8A-methyl ester that had been derived from standard ABA obtained from Burdick and Jackson, Muskegon, Mich. Combined GC-MS was conducted at the Baker Laboratory, Cornell University (Finnigan 3300 Twin Stak with a System Industries 150 data system, using a 180 cm OV-17 column and an electron impact of 70 ev). Comparative mass spectra were obtained for a standard and a soybean leaf sample and were the basis for a positive identification of the sample material as ABA.
Chl and Protein Determinations on Leaflet Samples. Chl content was determined by grinding and extracting a leaf disc (I cm2) from each leaflet in 80% (v/v) acetone. After centrifugation of the extract, an aliquot of the supernatant was taken. A was measured at 663 and 645 nm in a Beckman DU-2 spectrophotometer. Chl content was calculated usin the equation of Arnon (2).
A second leaf disc (1 cm) from each leaflet was ground and extracted in 50 mm Hepes (pH 7.5) and centrifuged for 20 min.
An aliquot of the supernatant was taken for total soluble protein determination using a trichloroacetic acid precipitate following the procedure of Peterson (17) .
RESULTS
The first objective of the study presented here was to determine if ABA levelsfluctuate diurnally in leaves of two soybean cultivars grown under unstressed field conditions. Trifoliolates sampled from node 13 of Corsoy and from node 14 of Chippewa 64 were selected for analysis because there were leaves available at these nodes during all three time periods sampled. Although sampling had been conducted every 3 h, ABA analysis was initially done only on samples taken every 6 h. The amounts of total extractable free A8A found in leaves during all three periods for Corsoy and for periods I and II for Chippewa 64 are presented in Figure 1 . Analyses of variance were calculated between the means of the ABA levels measured from each of the five periods during the 24-h cycles. They showed that diurnal variability among the sampling times was not significant (p = 0.25) (22) .
The second objective was to determine if ABA concentrations changed in soybean leaves from the control plants through the later part of the growing season. No seasonal changes were found in the amount of extractable free ABA in leaves at node 13 of Corsoy, as illustrated in Figure 1 . For Chippewa 64, no data from period III are presented in Figure 1 . The ABA concentrations found in the trifoliolates sampled at this period were much higher and the variability among the replications was much greater than in those sampled during periods I and II. Independent sample t tests for unpaired data from Chippewa 64 showed no difference between the means of ABA levels from periods I and II at the 5% level. The ABA levels from period III differed highly significantly (p = 0.001) from those found during periods I and II (22 Figure 3 illustrates the relationship between ABA and Chl content. The ABA levels observed when Chl was greater than about 1.5 mg/dM2 are consistent with normal unstressed levels found in 1977. Clearly ABA increased only after leaf Chl content had fallen to a relatively low level.
The relationship between ABA concentration and total soluble protein in the leaflets is shown in Figure 4 . ABA concentration remained at a low level until total soluble protein decreased to about 15 mg protein/dM2. The similarity in behavior shown in It is presumed that a large proportion of the total soluble protein in the leaflet is ribulose 1,5-bisphosphate carboxylase (18) . The maintenance of this protein is important for continued leaf productivity. Therefore, these losses in protein, which begin before leaf yellowing are better indicators of the onset of the senescence process. Sesay and Shibles (20) found that total soluble protein started to decrease before Chl levels declined. From Figure 5 , it is difficult to conclude whether or not this was true in the study presented here. Evidence does suggest, however, that protein and Chl losses may be mutually exclusive of one another (14, 23) . In soybean, apparently nitrogen is exported from the leaves to the developing seeds. Presumably, most of the decrease in nitrogen percentage is caused by losses in protein, particularly ribulose 1,5-bisphosphate carboxylase. Lugg (13) conducted studies on comparable leaves as sampled for ABA analysis from Corsoy and Chippewa 64. He found a simultaneous decrease in protein and CER2 in the lower leaves (13) . In the upper leaves, he found a linear relationship between CER and protein below a certain threshold value of protein/unit leaf area; above this threshold value, CER did not change (13) . In these upper leaves, the decrease in nitrogen started before losses in CER. Lugg (13) suggested that protein is stored in the upper leaves and that nitrogen can first be exported without a decrease in CER. Eventually, nitrogen loss becomes great enough to initiate decreases in photosynthetic productivity. Sesay and Shibles (20) reported that, initially, the decrease in total soluble protein was more rapid than that of photosynthesis and Chl.
The study here has investigated events involved in the leaf aging process in field-grown soybean. It was found that protein and Chl degradation begins, CER declines [as shown by Lugg (13)] eventually leaves turn yellow, and ABA increases. These events are likely influenced by plant hormones. Physiological events occurring within the plant may initiate changes in the growth regulators, which then may control the speed of development. Evidence suggests that it may not be the concentration of a single plant hormone that is important in delaying or initiating the senescence process but, rather, the concentrations of the hormones relative to each other. Oritani and Yoshida (16) and Lindoo and Nooden (12) found a decline in cytokinin-like activity with the observed increases in ABA-like inhibitors. High concentrations of cytokinin prevent the senescence-accelerating effect of low concentrations of ABA (3).
In soybeans, foliar sprays of cytokinins retarded, but did not prevent, leaf senescence and foliar sprays of ABA accelerated the process (12) . Wittenbach (24) found that, in intact wheat seedlings, protein and Chl loss can be reversed up to a certain point, beyond which an irreversible stage of senescence is initiated. He found that foliar applications of cytokinins could delay the start of the irreversible phase by delaying the loss of total soluble protein (24) .
The ABA increases that occur with leaf age come very late in the season, prior to abscission. We concluded that increases in free ABA are not the cause of the leaf senescence process in fieldgrown soybean under normal growing conditions but, in fact, are an effect of events that have occurred earlier during the aging process. Evidence presented suggests that the large increases in free ABA at the end of the season seemingly have the effect of allowing plants to rid themselves of nonfunctional leaves. Further studies on leaf aging should be directed to the changes occurring earlier in the process, particularly initial protein and subsequent Chl losses. Exploring the relationship between protein and Chl could be revealing, especially since leaf yellowing has been shown in some cases (14, 23) not to be a necessary part of the leaf senescence process.
